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Methods developed in geochemical modelling combined with recent advances in molecular
microbial ecology provide new opportunities to explore how microbial communities are shaped
by their chemical surroundings. Here, we present a framework for analyses of how chemical energy
availability shape chemotrophic microbial communities in hydrothermal systems through
an investigation of two geochemically different basalt-hosted hydrothermal systems on the Arctic
Mid-Ocean Ridge: the Soria Moria Vent field (SMVF) and the Loki’s Castle Vent Field (LCVF).
Chemical energy landscapes were evaluated through modelling of the Gibbs energy from selected
redox reactions under different mixing ratios between seawater and hydrothermal fluids.
Our models indicate that the sediment-influenced LCVF has a much higher potential for both
anaerobic and aerobic methane oxidation, as well as aerobic ammonium and hydrogen oxidation,
than the SMVF. The modelled energy landscapes were used to develop microbial community
composition models, which were compared with community compositions in environmental
samples inside or on the exterior of hydrothermal chimneys, as assessed by pyrosequencing
of partial 16S rRNA genes. We show that modelled microbial communities based solely on
thermodynamic considerations can have a high predictive power and provide a framework for
analyses of the link between energy availability and microbial community composition.
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Introduction
How microbial communities are shaped by environ-
mental conditions has been extensively studied
during the past decades. Numerous efforts have
been made to assess the effect of directly measurable
environmental parameters, such as temperature,
salinity and concentrations of single chemical
species. However, the question of to what extent
energy availability determines the structure of
chemotrophic microbial communities has received
little attention. Nevertheless, as all life forms require
an energy source, energy availability must constrain
the distribution of functional groups of organisms in
any biological community.
Marine and terrestrial hydrothermal systems
represent in many ways excellent natural labora-
tories for the exploration of how energy landscapes
shape communities of chemotrophic microorganisms.
Indeed, energy availabilities from redox reactions have
been extensively analysed in deep sea (McCollom
and Shock, 1997; McCollom, 2000, 2007; Amend
et al., 2011), shallow sea (Amend et al., 2003; Rogers
and Amend, 2005, 2006; Rogers et al., 2007) and
terrestrial hot spring environments (Meyer-Dombard
et al., 2005; Spear et al., 2005; Shock et al., 2010).
In particular, terrestrial hot springs offer the oppor-
tunity to link in situ energy availabilities, derived
from in situ chemical analyses, with observed
microbial communities. However, it is also evident
that attempts to reveal the connections between
energy availability and microbial community com-
position in hot springs are made difficult by the
general high number of organisms with unknown
metabolic capabilities in these habitats (see for
example, Rogers and Amend, 2005). Also, photo-
trophic organisms often dominate under mesophilic
to moderately thermophilic conditions in terrestrial
hydrothermal systems, complicating the assessment
of how microbial communities are shaped by
available chemical energy sources under these
conditions.
In marine hydrothermal systems, hot and reduced
hydrothermal fluids (HFs) enriched in potential
electron donors (e.g. H2S, CH4, H2) mix with cold
seawater (SW), which is rich in potential electron
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acceptors (e.g. O2, SO4
2 ). Consequently, chemical
metastable disequilibria are formed, which can be
used as energy sources by mesophilic to hyper-
thermophilic chemotrophic primary producers
(Jannasch and Mottl, 1985; McCollom and Shock,
1997). Fluid mixing may occur in hydrothermal
chimney walls, hydrothermal sediments and hydro-
thermal plumes forming in the water column above
the vent fields. Energy landscapes and metabolic
rates in these types of habitats have been assessed
through modelling based on the chemical
endmember composition of HFs and ambient
SW (Tivey, 1995; McCollom and Shock, 1997;
McCollom, 2000, 2007; Shock and Holland, 2004;
Amend et al., 2011; LaRowe et al., 2014). However,
it should be emphasized that a detailed under-
standing of how energy landscapes shape microbial
communities are hampered by the lack of integrated
studies that combine models and field observations
(Houghton and Seyfried, 2010). Also, although
modelled energy landscapes have been used as a
framework for general predictions of the distribution
of functional groups of microorganisms in hydro-
thermal systems, models of community composition
based on thermodynamic calculations have so far
not been established. In this study, we develop such
models and assess their predictive power based on
Bray–Curtis dissimilarities (BCDs) between mod-
elled and observed communities in two vent fields
at the Arctic Mid-Ocean Ridge in the Norwegian-
Greenland Sea. In addition, we report for the first
time a dominance of the Crenarchaeotal MCG
and the anaerobic methanotrophic archaea group
(ANME-1) in hydrothermal chimneys under thermo-
philic conditions.
Materials and methods
Geological settings and fluid chemistry
The Arctic Mid-Ocean Ridge, which consists of
several ridge segments north of Iceland, is one of the
most slow-spreading ridge systems on the Earth. In
2005 the two first active deep-sea hydrothermal
fields on this system, the Troll Wall (711170N,
051460W) and the Soria Moria (711150N, 051490W)
Vent Fields, were discovered at the southwestern
part of the Mohns ridge, only about 5 km apart from
each other and at a depth of 500 and 700m,
respectively (Figure 1) (Pedersen et al., 2010a). Both
fields contain numerous white smoker chimneys
venting fluids up to 270 1C. In 2008 another field,
the Loki’s Castle Vent Field (LCVF) (731330N,
081090W), was discovered further north where the
Mohns Ridge passes into the Knipovich Ridge, at
around 2400m water depth (Pedersen et al., 2010a, b).
This field has four major black smoker chimneys
venting fluids with a temperature of 305–317 1C. All
the vent fields are basalt hosted, and the sulphide
concentrations of their venting fluids are compar-
able. However, the much higher concentrations of
hydrogen, methane and ammonium in the LCVF
fluids indicate influence of buried sediments that
have been transported into the rift valley from the
adjacent Bear Island Fan (Pedersen et al., 2010a, b).
Since the discovery of the vent fields, the end-
member composition has been spatially and tempo-
rally stable within both LCVF (Pedersen et al.,
2010b) and SMVF (unpublished data), indicating
single sources. The fluid compositions used in this
study are given in Table 1. Dissolved oxygen was
measured with an oxygen microsensor (PreSens
Precision Sensing GmbH, Regensburg, Germany).
Nitrate was analysed colourmetrically by a Quaatro
continuous flow analyser (SEAL Analytical Ltd,
Southampton, UK). All other values were taken from
Baumberger (2011) and Pedersen et al. (2010b).
Sampling
All samples (Table 2) were collected using a
remotely operated underwater vehicle (ROV). Three
biofilms, growing on the exterior of the ‘Joa˜o’
chimney wall (ROV3 and ROV4) and the ‘Camel’
chimney wall (ROV9) in the LCVF, were sampled in
2009 with a hydraulic pump device, which was
rinsed thoroughly with sterile dH2O between sub-
sequent dives (Figures 2a–c). 16S rRNA gene
sequence data for ROV3 and ROV4 were taken from
Dahle et al. (2013), and are reanalysed here. A flange
structure on a chimney in the SMVF was collected
in 2011 using a shuffle box (Figure 2). After arrival
on the ship, four subsamples (F1–F4) were taken
from the dark, highly porous and sulphide-rich
lower part of the flange (distances from the lower
outside: F1, 0–1 cm; F2, 2–6 cm; F3, 7–11 cm; F4,
13–18 cm). The total vertical thickness of the flange
at the sampling site was 21 cm. One sample of
lighter greyish anhydrite-rich material (W1) was
taken from the central part of the transition between
the flange and the chimney wall. Each flange
subsample (B5 g) was crushed and homogenized
in a mortar, and stored at  80 1C before further
processing. In situ temperatures were measured
with an ROV-held temperature probe.
DNA extraction and PCR
Total DNAwas extracted using the FastDNA spinkit
for soil (MP Biomedicals, Santa Ana, CA, USA).
Amplification of 16S rRNA genes was performed, as
described previously (Roalkvam et al., 2011), using a
two-step PCR approach. The first PCR step was
performed with o20ng template in 25–33 cycle
reactions using primers universal for Archaea and
Bacteria—Un787f (50-ATTAGATACCCNGGTAG-30)
(Roesch et al., 2007) and Un1392r (50-ACGGGC
GGTGWGTRC-30) (modified from Lane et al., 1985).
To minimize PCR bias, reactions were run in
triplicates, which were pooled and rinsed with the
MinElute PCR Purification Kit (Qiagen). In the second
PCR step,B20ng PCR product from the first PCR was
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used as template in a five-cycle PCR reaction, using
GS FLX Titanium fusion primers. A sample-specific
barcode was attached to the forward primer. PCR
reactions were run in 25ml reactions. PCR product
quantification and rinsing of PCR products after the
second PCR step was performed as described pre-
viously (Roalkvam et al., 2011). The Norwegian
High-Throughput Sequencing Centre performed
the sequencing using a Roche/454 Life Sciences
(Branford, CT, USA) GS-FLX Titanium system.
Filtering, taxonomic analyses and OTU clustering
Amplicons where filtered and clustered into opera-
tional taxonomic units (OTUs) using Ampliconnoise
(Quince et al., 2011). During the filtering step 13–
55% of the reads were filtered out (Supplementary
Table 1). OTU clustering was performed with the
maximum linkage clustering algorithm and a 3%
difference cutoff.
Taxonomic assignments were performed in CREST
(Lanzen et al., 2012), using the last common ancestor
algorithm on output from BLASTN (Altschul et al.,
1997) searches against the SilvaMod database.
Geochemical modelling
Similar to a previous study (Amend et al., 2011), the
REACT module of the Geochemists Workbench
(GWB) software package was used to simulate a
stepwise gradual addition of 5000 kg of SW to 1 kg
of HF. For each small step, the temperature and
chemical speciation was evaluated. Minerals were
not allowed to precipitate during mixing, redox
reactions were prohibited, while acid–base reactions
were allowed to reach equilibrium. The GWB
analyses used the thermo.com thermodynamic data-
base modified to relevant temperatures and pres-
sures using the subcrt command in Rs CHNOSZ
package (Dick, 2008). Subcrt calculates the standard
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Figure 1 Map showing the location of the Soria Moria and the LCVFs.
Table 1 Chemical composition of vent fluids (endmember) and seawater used in this study
Hydrothermal
system
T
(1C)
pH Naþ
(mm)
Ca2þ
(mm)
Kþ
(mm)
Fe2þ
(mm)
Cl
(mm)
SiO2
(mm)
CH4
(mm)
H2S
(mm)
H2
(mm)
SCO2
(mm)
NH4
þ
(mm)
Loki’s Castle 306 6.1 395 48.7 34.8 19.6 477 15.1 12.6 3.3 4.8 26.0 5.2
Soria Moria 202 4.1 319 19.6 41.1 23 423 10.3 0.3 4.1 0.12 91.7 0.08
Seawatera 1 7.9 442 10.2 9.8 545 2.3
All values were taken from Baumberger (2011) and Pedersen et al. (2010b), except for O2 and NO3
 , which were obtained in this study.
Concentrations are given in mmol kg 1 (mm) or mmol kg 1 (mm).
aThe temperature of ambient bottom seawater is  0.7 1C at Loki’s Castle and 0.4 1C at Soria Moria, but was set to 1 1C in the models. In addition
to the listed chemical species, seawater also includes 27.9mm SO4
2 , 405 mm O2 and 12 mm NO3 .
Energy landscapes shape microbial communities
H Dahle et al
1595
The ISME Journal
molal thermodynamic properties of species and
reactions as a function of temperature and pressure,
and is modelled after the functionality of the
SUPCRT92 package (Johnson et al., 1992). Thermo-
dynamic data for ferrihydrite (Fe(OH)3) were taken
from Majzlan et al. (2004) and Snow et al. (2013).
Energy availability per kg HF, E, from a given redox
reaction, r, at a given SW:HF mixing ratio was
calculated as:
E ¼DGr L D¼ðDG0r þRT lnQÞ LD ð1Þ
where DGr is the Gibbs energy of the reaction
(in kJmol 1), DGr0 is the standard state Gibbs
energy (in kJmol1) at the relevant temperature
and pressure, T is the temperature in Kelvin, R is
the gas constant (0.00831 kJK1mol 1), L the num-
ber of times (in moles) the reaction can occur per kg
of mixed fluids before the limiting reactant is
consumed (mol kg1) and D is the dilution factor
(kg of mixed fluids per kg of HF). DGr0 values were
calculated using subcrt. The activity product, Q, is
defined as
Q¼anii ð2Þ
where ai is the activity of the ith chemical species
and ni is the stoichiometric reaction coefficient,
which is positive for products and negative for
reactants. Activities were calculated in GWB using
the B-dot equation (Helgeson, 1969).
The temperatures of the calculated mixed solu-
tions were taken to scale linearly with the tempera-
tures of the end members. It has previously been
reported that differences in heat capacities between
SW and vent fluid only lead to minimal deviation
from this linear trend (Amend et al., 2011).
Based on the chemical reactions considered, we
defined a set of chemical processes (Table 3). Most
processes are defined by a single chemical reaction.
Exceptions are aerobic sulphide oxidation, defined
by the H2S/O2 and the HS
 /O2 redox pairs, and
methanogenesis, defined by the H2/CO2 and the H2/
HCO3
 redox pairs (Table 3). For the energy
Table 2 Overview of environmental samples
Sample name Sampling
year
Sample description Vent field Technical
replicatesa
Reference
ROV3 2009 Microbial mat on a chimney wall surface (Joa˜o) Loki’s Castle a, b Dahle et al. (2013)
ROV4 2009 Microbial mat on a chimney wall surface (Joa˜o) Loki’s Castle Dahle et al. (2013)
ROV9 2009 Microbial mat on a chimney wall surface
(the Camel)
Loki’s Castle a, b This study
F1, F2, F3, F4 2011 Four subsamples of a flange structure Soria Moria This study
W1 2011 Chimney wall Soria Moria a, b This study
aIn technical replicates, the same DNA extract was analysed by independent 16S rRNA gene amplifications and sequencing.
Figure 2 Photographs showing (a) the sampling of ROV3, (b) the sampling of ROV4, (c) the sampling of ROV9 and (d) the flange
structure, turned upside down, after arrival on the ship. The samples F1–F4 were subsamples of the flange, whereas the W1 sample was
taken in the transition between the flange and the chimney wall.
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landscape modelling, each chemical process was
considered independently. However, different redox
reactions that were part of the same process were
linked so that the total consumption of the limiting
reactant was not allowed to exceed the initial
amount. For example, the energy availability from
the HS /O2 redox pair was dependent on the how
much O2 that was remaining after consumption of O2
by the H2S/O2 redox reaction. In effect, the energy
available from aerobic sulphide oxidation is defined
by the amount of energy released when HS and
H2S in the system reacts with O2 until the limiting
reactant (either O2 or HS
 and H2S) is consumed.
Community composition models
Models of the relative abundance of predefined
functional groups of organisms (Table 3) at a given
SW:HF mixing ratio were constructed in the form of
a Python script (Figure 3). Note that an underlying
assumption in these models is that relative reaction
rates are dependent on the concentration of the
limiting reactants in the system. This becomes
evident if we imagine that each loop in the
implementation of our model (Figure 3) corresponds
to a certain amount of time. In this case, relative
reaction rates, defined as the total number of
electrons transferred within a given functional
group divided by the total number of cycles before
the loop ends, will depend directly on relative
substrate concentrations. Importantly, in our com-
puter simulation (Figure 3) we let the microbial
functional groups acquire energy from redox reac-
tions until all limiting reactants have been con-
sumed. This scenario is probably far from the reality
inside or on highly porous chimney walls with a
high flux of HFs. However, our models are also
applicable to situations where only a fraction of the
available energy is used, but then with the assump-
tion that metabolic rates depend on substrate
concentrations as indicated above.
Functional assignments and calculation of BCDs
To directly compare modelled and observed micro-
bial communities, it was necessary to assign meta-
bolic functional groups to the obtained 16S rRNA
gene sequences. The assignments were based on the
current knowledge about the energy metabolism of
close relatives of the detected organisms in addition
to the knowledge about the in situ gene expression
from metatranscriptomic analyses (Dahle et al.,
2013). In effect, all Epsilonproteobacteria as well
as Thiotrichales were assigned to sulphide and
hydrogen oxidizers, all Methylococcales were
assigned to aerobic methane oxidizers and all
sequences assigned to the ANME group were
assigned to anaerobic methane oxidizers. Sequences
assigned to other taxonomic groups were not
assigned to any functional group, either because
they represented a low abundance of the community
or, as for the detected Thaumarchaeota and Cre-
narchaeota, because of a general lack of knowledge
about the metabolic properties of organisms within
these taxa. Bray–BCDs between observed and mod-
elled communities were calculated in VEGAN
v. 1.17-6 (Oksanen et al., 2011).
Deposition of sequence data
Raw sequence data have been submitted to the
Sequence Read Archive under the accession num-
bers SRP040005 (ROV9, F1-4 and W1) and
SRP011918 (ROV3 and ROV4).
Table 3 Overview of chemical processes and defined functional groups of microorganism
Functional group Process Redox reaction(s) Reaction
number
Sulphur and hydrogen
oxidizers
Sulphide oxidation with oxygen H2Sþ 2O2-HSO4 þHþ
HS þ 2O2-HSO4
1a
1b
Sulphide oxidation with nitrate 5H2Sþ8NO3-5HSO4 þH2Oþ4N2þ
3OH
5HS þ4H2Oþ8NO3-
5HSO4
 þ 4N2þ8OH
2a
2b
Hydrogen oxidation with oxygen 2H2þO2-2H2O 3
Hydrogen oxidation with nitrate 5H2þ 2NO3 þ2Hþ-N2þ6H2O 4
Methane oxidizers Methane oxidation (aerobic) CH4þ2O2-CO2þ2H2O 5
Ammonium oxidizers Ammonium oxidation NH4
þ þ2O2-NO3 þH2Oþ2Hþ 6
Iron oxidizers Iron oxidation 4Fe2þ þO2þ 10H2O-4Fe(OH)3þ8Hþ 7
Anaerobic methane oxidizers Methane oxidation (anaerobic with
sulphate)
CH4þSO42 þ2Hþ-CO2þH2Sþ2H2O 8
Methane oxidation (anaerobic with
nitrate)a
CH4þ4NO3-CO2þ 4NO2 þ 2H2O 9
Methanogens Methanogenesis 4H2þCO2-CH4þ2H2O
4H2þHCO3 þHþ-CH4þ3H2O
10a
10b
Sulphate reducers Sulphate reduction 4H2þSO42 þ2Hþ-H2Sþ4H2O 11
Compounds in the redox reactions are in the aqueous phase, except for Fe(OH)3, which represents the mineral ferrihydrite.
aThis reaction was included in the definition of anaerobic methane oxidizers only when specified.
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Results
Energy landscapes at LCVF and SMVF
Gibbs energies from 10 chemical reactions or
processes (Table 3) were modelled at different
SW:HF mixing ratios at SMVF and LCVF. Our
models consider maximum potential energies per
kg of HF (Figure 4). Negative values of Gibbs energy
indicate exergonic reactions acting as potential
energy sources for microorganisms.
Note that the individual reactions considered in
Figure 4 are not independent in the sense that they
share some of the same reactants. Thus, the reported
total energy yields for each reaction cannot be
achieved simultaneously from the same volume of
fluids. Also note that changes in energy availability
are not primarily due to variations in temperature,
but that both temperatures and total energy avail-
abilities vary as a consequence of different SW:HF
mixing ratios.
Energy landscapes varied largely between the two
fields. At low temperatures, sulphide oxidation was
the dominant energy source at SMVF (up to
3.3 kJ kg 1 HF) (Figure 4). The energy availability
from this reaction decreased at increasing
temperatures, but remained the dominant energy
source, together with aerobic methane oxidation, at
temperatures above 70 1C. At LCVF aerobic methane
oxidation was dominant at low temperatures (up to
10.6 kJ kg 1 HF) (Figure 4b). Aerobic sulphide and
methane oxidation were approximately equally
exergonic at temperatures above 17 1C. At around
33 1C aerobic methane oxidation, sulphide and
hydrogen oxidation and anaerobic methane oxida-
tion were approximately equally exergonic, but at
higher temperatures anaerobic methane oxidation
was clearly the most dominant energy source (up to
1.3 kJ kg1 HF). In addition to aerobic and anaerobic
methane oxidation, ammonium oxidation and
hydrogen oxidation were considerably more exergo-
nic at LCVF than at SMVF. Owing to the relatively
low concentration of NO3
 in SW (compared with O2
and SO4
2 ), energy availabilities from nitrate reduc-
tion were substantial only at very high SW:HF
mixing ratios. Energy availabilities in reactions
involving O2 or NO3
 as the electron acceptor
reached a plateau at high SW:HF mixing ratios.
These plateaus occur at mixing ratios where the
electron acceptor is no longer limiting (not shown).
Microbial community models
Community compositions were predicted from
models using slightly different assumptions
LOOP
If ( [ CH ] & [ O
   ] > 0 )                                 CH  / O
If all limiting substrates have been consumed:
- Exit loop. 
- Calculate relative abundance of functional groups as  relative amount of energy aquired.  
- Obtain activities and initial amount of available substrates from GWB output 
- Set energy aquired by each functional group to 0.
METHANOTROPHSe
* - Calculate energy aquired when 10 nmoles electrons are transferred from electron donor 
      to electron acceptor and add that energy to the total amount of energy aquired by the
      given functional group.
   - Subtract amount of consumed substrated from available substrates.
If ( [ H  ] & [ O   ] > 0 )                                    H  / O
Else if ( [ H S ] & [ O     ] > 0 )                          H S / O
Else if ( [ H  ] & [ NO    ] > 0                            H
 / NO
Else if ( [ H S ] & [ NO  ] > 0                         H S / NO
e
e
e
e
...
SULPHIDE & HYDROGEN 
OXIDIZERS
...
Figure 3 Illustration of the implementation of community composition models in a computer script. For clarity, only two functional
groups are shown. First, activities and total amounts of each substrate were extracted from the GWB output. In some cases (specified in
the results section), the amounts of oxygen and hydrogen sulphide were decreased stoichiometrically (2:1, see Table 3) at this step to
simulate the effect of abiotic sulphide oxidation. Second, a loop was initiated where for each iteration each functional microbial group
was allowed to acquire energy by the transfer of 10nmol of electrons in a redox reaction within the definition of that group.
The consumption of each reactant was then calculated and subtracted from the amount of substrate available. A given redox reaction was
allowed to be used as an energy source only as long as none of the substrates had been fully consumed. For functional microbial groups
able to use multiple redox reactions (such as sulphide and hydrogen oxidizers), the most exergonic reaction was selected at each step.
The loop was continued until none of the redox reactions were allowed to proceed owing to substrate limitations. Finally, the relative
abundance of each functional microbial group was calculated as the relative amount of energy acquired by that group. Note that the
community composition models take into account that the redox reactions considered are not independent as some reactants occur in
several reactions. Hence, different functional groups may compete for some of the same substrates (e.g. all aerobic organisms compete for
oxygen).
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(Figure 5). In models assuming no abiotic reactions,
aerobic methane oxidizers together with hydrogen
and sulphide oxidizers were predicted to dominate
at all temperatures considered at SMVF (Figure 5a).
Ammonium oxidizers increased in abundance at
increasing temperatures up to 95 1C, where the
abundance reached a maximum of 15%. Community
composition predictions from SMVF were highly
sensitive to the introduction of abiotic oxygen
reduction as a model assumption. When up to
10% of sulphide was allowed to react with oxygen
abiotically, the communities were predicted to shift
at around 60–80 1C from a dominance of sulphide
and hydrogen oxidizers as well as methane oxidi-
zers at low temperatures to anaerobic methane
oxidizers at high temperatures (Figure 5c). This
shift was even more apparent when we, in addition
to the abiotic sulphide oxidation, allowed anaerobic
methane oxidizers to acquire energy from nitrate
reduction (Figure 5).
In the community composition models from
LCVF, the distribution of microbial functional
groups were predicted to vary considerably at
different SW:HF mixing ratios and corresponding
temperatures (Figure 5b). At low temperatures
(o8 1C), aerobic methane oxidizers were predicted
to dominate with relative abundances of up to 49%
of the community. Sulphide and hydrogen oxidizers
(up to 37%) and ammonium oxidizers (up to 20%)
were also predicted to be abundant. At higher
temperatures, the abundances of these groups
decreased continuously, and at around 20 1C, aerobic
methane oxidizers, anaerobic methane oxidizers and
sulphide/hydrogen oxidizers had an approximately
equal abundance of 29–30%. At temperatures above
20 1C, anaerobic methane oxidizers were predicted
to become increasingly dominant, with relative
abundances of up to 82%. Also, methanogens
and sulphate reducers increased in abundance
at increasing temperatures, but their relative
abundances never exceeded 7%.
Predicted communities at LCVF at moderate to
high temperatures were dominated by anaerobes
(Figure 5b) and the communities were therefore
overall not very sensitive to oxygen removal by
abiotic oxygen reduction (Figure 5d). Differences in
assumptions regarding the metabolic capabilities of
anaerobic methane oxidation also had a minor effect
(Figure 5f). However, note that abiotic sulphide
oxidation had a large effect on relative abundances
of anaerobic sulphate reducers and methanogens
compared with aerobic groups at temperatures
above 60 1C (Figures 5b, d and f).
Case studies
Temperature measurements inside or near the
ROV3, ROV4 and ROV9 biofilms at LCVF fluctuated
between ambient SW temperature ( 0.7 1C) and
40 1C. Accurate in situ temperatures at the sampling
points could not be obtained owing to difficulties
with keeping the ROV in a fixed position. Tempera-
ture measurements under the SMVF flange were
stable in the range of 70–72 1C.
Epsilonproteobacteria dominated in the ROV3
and ROV4 samples (Figure 6). The three most
dominant Epsilonproteobacteria OTUs from ROV3,
representing 94% of the Epsilonproteobacteria in
this sample, were similar (94–95%) to Sulfurovum
lithotrophicum (accession number AB091292). The
three most dominant Epsilonproteobacteria OTUs
from ROV4, representing 65% of the Epsilonproteo-
bacteria, were similar (95–100%) to Sulfurimonas
denitrificans (accession number L40808) or Sulfur-
imonas autotrophica (accession number AB088431).
Cultured members of Epsilonproteobacteria detected
in hydrothermal systems are microaerophilic
sulphur oxidizers with a versatile metabolism
including the ability to use various sulphur
compounds and hydrogen as electron donors, and
oxygen and nitrate as the electron acceptor
(Campbell et al., 2006). Gammaproteobacteria of
the Methylococcales order dominated in ROV9
(Figure 6 and Supplementary Figure 1). Within this
group, 87% of the sequences clustered in an OTU
that was 100% similar to endosymbiotic methane
oxidizers from the Logachev vent field (accession
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Figure 4 Modelled energy availability from 10 redox processes
(see Table 3) as a function of temperature and SW:HF mixing
ratios at the SMVF and the LCVF. Second axis indicates the
energy released when reactants in a mixture of SW and 1kg
hydrothermal fluid react until equilibrium is reached. Numbers in
the legend refer to numbered redox reations in Table 3. For clarity,
energies from redox reactions with nitrate as the electron acceptor
are indicated with dashed lines. Note that different redox
processes are considered independently.
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number AM083965) (Duperron et al., 2006), whereas
12% clustered in a OTU that was 96% similar to the
methanotrophic Methylomarinum vadi (accession
number AB301717) (Hirayama et al., 2013). Epsi-
lonproteobacteria were also detected here with an
abundance of 9–11% (Figure 6), and members of this
group were similar to the ROV3 and ROV4 samples,
mostly assigned to the Sulfurovum and Sulfurimo-
nas genera (Supplementary Figure 1).
Crenarchaeota from the MCG clade or Euryarch-
aeota from the ANME-1 clade dominated in the
SMVF flange (samples F1–F4) (Figure 6 and
Supplementary Figure 1). Dominant Methanomicro-
bia and MCG OTUs from the F1–F4 samples
were closely related to organisms detected in
hydrothermally active environments or in thermo-
philic enrichments. For example, the closest relatives
(98–99% similarity) of the most dominant ANME
OTU, representing 91% of all Methanomicrobia
detected in the flange, were found in 50 1C
enrichments inoculated with hydrothermal sedi-
ments from the Guaymas Basin (accession number
FR682489) (Holler et al., 2011), hypothesized ther-
mophilic ANME (accession number AF419624)
(Teske et al., 2002) and ANME detected in an oil
reservoir with an in situ temperature of 75 1C
(accession number DQ857984) (Li et al., 2007). The
closest relatives (99% similarity) of the most abun-
dant MCG OTU from F1 to F4, representing 17% of
all MCG in these samples, were detected in hydro-
thermal sediments at the Southern Mariana Through
(accession number AB213057) (Kato et al., 2009).
The W1 sample was dominated by MCG, but we
also detected high abundances of Thaumarchaeotal
group 1A, Thaumarchaeotal Terrestrial hot spring
group and some Aquificaceae (Figure 5). The two
most dominant MCG OTUs from the W1 sample,
representing 69% of all MCG in this sample, were
most similar (95–99%) to organisms detected in
hydrothermal sediments at the Southern Mariana
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Figure 5 Predicted relative abundances of seven functional groups of microorganisms (defined in Table 3) as a function of temperature
and SW:HF mixing ratios at the SMVF and the LCVF. (a and b) Predicted relative abundances from models assuming that no abiotic
reactions take place. (c and d) Predicted relative abundances frommodels assuming that up to 10% of the sulphide reacts abiotically with
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Trough (accession numbers AB213100 and
AB213101) (Kato et al., 2009). The most dominant
Aquificaceae OTU in the F1–F4 and W1 samples,
representing 84.3% of Aquificaceae in F1–F4 and
95.9% of Aquificaceae in W1, was 93% similar to the
thermophilic hydrogen oxidizing Persephonella mar-
ina (accession number NR_027538) (Gotz et al., 2002).
BCDs between modelled and observed communities
To compare modelled and observed communities,
we assigned metabolic functions to detected organ-
isms based on information about their closest
relatives (Figure 7). We then measured BCDs in
community composition between observed and
predicted communities. The F2, F3 and W1 samples
were excluded from these analyses owing to their
high content of uncultured groups of Thaumarch-
aeota and Crenarchaeota, with largely unknown
metabolic capabilities (Figure 7). The ROV3, ROV4
and ROV9 biofilms were most similar to predicted
communities at low temperatures (Figure 8), which
is consistent with their appearance on the chimney
surface at presumably high SW:HF mixing ratios.
The flange samples (F1 and F4) fit poorly with
community predictions unless we assumed that up
to 10% of the sulphide was allowed to react with
oxygen abiotically. In the latter case, the BCD
decreased from nearly 1 at low temperatures to
below 0.4 under thermophilic conditions.
Interestingly, an even better fit was obtained when
anaerobic methane oxidizers were allowed to reduce
nitrate in the community composition models
(Figure 8). The better fit at high temperatures is
consistent with the measured in situ temperature
(71–72 1C). Note that the community compositions
in F1 and F4 are highly similar. For clarity, only F1
is included in Figure 8.
Discussion
In this study, we developed, for the first time,
microbial community composition models that are
based on modelled energy landscapes. Through
comparisons between observed and modelled com-
munities, we provide evidence that the distribution
of functional groups within chemotropic microbial
communities is largely determined by chemical
energy availability. Our results also indicate that a
sedimentary influence in the host rocks can have a
large impact on energy landscapes, and hence
microbial communities, in hydrothermal systems.
Finally, we demonstrate some of the sensitivity of
the community composition predictions to assump-
tions regarding geochemical processes and meta-
bolic capabilities.
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samples as assessed by 16S rRNA gene sequence information.
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Energy landscapes (Figure 4) were modelled using
a similar approach as in a recent study that
compared energy landscapes in hydrothermal
systems at different geological settings (Amend et al.,
2011), including the basalt-hosted Endeavour field,
which is inferred to be sediment influenced based
on elevated methane and ammonium concentrations
(Lilley et al., 1993). However, energy availability
from aerobic methane oxidation in the systems
investigated by Amend et al. (2011) never exceeded
4kJ l1 HF at 1% HF:SW mixing ratios, which is
only one-third of the maximum energy availability
from this reaction at LCVF (Figure 4b). In all of the
systems investigated by Amend et al. (2011),
anaerobic methane oxidation was found to be
anemic or minimally exergonic at 1 and 10% HF
contribution in SW:HF mixtures, which is in sharp
contrast to high energy availabilities from this
process above 20 1C at LCVF. Amend et al. (2011)
did not calculate energy availability from ammo-
nium oxidation, but it should be noted that among
all vent fields investigated, the Endeavour field had
the highest endmember ammonium concentration
(0.503mM) (Seewald et al., 2003; Seyfried et al.,
2003), which is only about one-tenth of the
concentration observed at LCVF (Table 1). Taken
together, this suggests that the sediment-influenced
LCVF represents an extremity regarding the ener-
getic potential for hosting anaerobic and aerobic
methane oxidizers, as well as aerobic ammonium
oxidizers.
Sluggish reaction rates of abiotic methane oxida-
tion, sulphide oxidation, iron oxidation and sulphate
reduction have been observed under conditions
relevant for deep-sea hydrothermal systems (Kadko
et al., 1990; Shock and Holland, 2004; Houghton and
Seyfried, 2010; Foustoukos et al., 2011). Hence, the
assumption that modelled energy landscapes reflect
relevant energy availabilities for microbial commu-
nities seems justified. Remarkably, it was recently
argued that energy density (energy availability per
volume) is a far better indicator of biomass in
sediment cores than the energy available per mole
of reaction or per mole of electrons transferred from
the electron donor to the electron acceptor (LaRowe
and Amend, 2014). This lends confidence to our
community composition predictions, which are
based on modelled energy densities.
The microbial community compositions were
predicted under slightly different assumptions: with
or without some abiotic sulphide oxidation or
letting anaerobic methane oxidizers have or not
have the ability to reduced nitrate in addition to
sulphate. Under the conditions in the SMVF flange
(with an in situ temperature of 72 1C), models not
allowing abiotic reactions predict that there is
enough oxygen for aerobic organisms to dominate
from 0–130 1C (Figure 5a). However, the dominance
of putative strictly anaerobic methane oxidizers in
the flange indicates anaerobic conditions. Further-
more, the absence or very low abundance of putative
aerobic organisms in the flange samples indicates
that any oxygen removal is not biogenic. Hence, the
assumption that oxygen is reduced abiotically seems
justified in this case. In line with this, fluids can be
expected to flow relatively slowly through the pores
in the flange, potentially giving enough time for
reducing agents (e.g. sulphide) to react with oxygen,
thereby providing conditions that favour the anae-
robic methane oxidizers, as predicted by our models
(Figures 5c and e). Higher flow rates and less abiotic
sulphide oxidation could be expected in the
chimney wall. Interestingly, the predicted higher
abundance of hydrogen and sulphide oxidizers
under such conditions (Figure 5a) is consistent with
the low abundance of ANME and an elevated
abundance of putatively microaerobic and thermo-
philic sulphide oxidizers of the Aquificaceae family
in the W1 sample.
It was recently shown that some ANME are able
to grow by reduction of nitrate to nitrite combined
with reverse methanogenesis (Haroon et al., 2013).
We have no strong support for assuming that the
ANME detected in the SMVF flange can grow by
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denitrification, but it is interesting to note that
models using this assumption provides the com-
munity composition predictions that are mostly
consistent with the observed communities
(Figure 8).
We have not included thermal conduction in our
models, which would have had the effect that each
temperature would have consistently been asso-
ciated with a lower SW:HF mixing ratio than in the
current models. Hence, as seen in Figure 5 and
Figure 8, assuming heat transfer by thermal conduc-
tion in the SMVF flange may have resulted in
predictions that are highly consistent with the
observed dominance of ANME even when ANME
are assumed to be obligate sulphate reducers.
Organic compounds (other than methane) are
available to organotrophic organisms from primary
production, and may also be present in the venting
fluids at LCVF and JMVF. Organotrophic organisms
were therefore expected to be present in these
systems. Indeed, putative organontrophic Bacteroi-
detes and potentially organotrophic Chloroflexi were
present in the ROV3, ROV4 and ROV9 mats with
relative abundances of up to 4.2% (Bacteroidetes)
and 6.2% (Chloroflexi) (Supplementary Figure 1),
suggesting some energy transfer from primary pro-
ducers to microbial organotrophic consumers in
these habitats. Some putative organotrophic and
thermophilic Thermotogales and Thermococcales
were also detected (o0.7%) (Supplementary
Figure 1), indicating that these organisms are impor-
tant organotrophic consumers in the chimney wall. It
could also be that some of the Crenarchaeota or
Thaumarchaeota detected in the flange and chimney
wall at SMVF (Figure 6) are organotrophs. Some
Epsilonproteobacteria may also grow organotrophi-
cally (e.g. on formate), which partly could explain the
high abundance of Epsilonproteobacteria at LCVF.
Yet, a high gene expression of genes involved in
hydrogen oxidation, sulfide oxidation and carbon
fixation by these Epsilonproteobacteria is suggestive
of a lithoautotrophic lifestyle (Dahle et al., 2013).
However, owing to our lack of knowledge regarding
organic compounds in the venting fluids and as
considering entire food webs was beyond the scope
of our study, organotrophic organisms were not
included in the community composition models.
Hence, the predicted communities should be
regarded as predicted distributions of lithoautro-
trophic and methanotrophic organisms only. Future
studies, more directed towards assessing energy
landscapes relevant for organotrophic organisms in
combination with analyses of more environmental
samples, may clarify the energy flow from auto-
trophic primary producers to heterotrophic consu-
mers in hydrothermal systems.
A detailed investigation of the extent to which
energy availability shape microbial communities is
difficult without a detailed knowledge about the
geochemical processes that influence the energy
landscapes and the metabolic capabilities of the
organisms using the available energy sources. Never-
theless, our models seem, to a large extent, to
correctly predict which functional groups of orga-
nisms dominate under different energy landscapes:
consistent with the predicted community composi-
tions, putative mesophilic sulphide and hydrogen
oxidizers, as well as methane oxidizers, dominate
on chimney surfaces at LCVF, whereas ANME
dominate in the SMVF flange. This predictive power
is further illustrated in Figure 8, which shows that
by only assessing energy landscapes and the
distribution of functional groups in our samples,
we could have correctly predicted if the samples
were associated with low or high SW:HF mixing
ratios (or high or low temperatures). This indicates
that, at least on a broad level, there is a close
connection between energy availability and micro-
bial community composition.
The discrepancies between predicted and observed
communities are also interesting. In the predicted
community composition for LCVF, ammonium oxi-
dizers reached abundances of up to 20% at high
SW:HF mixing ratios. Yet, none of the organisms
detected in the LCVF samples seem to be affiliated to
this metabolic group. Possibly, ammonium oxidizers
are outcompeted by organisms using more exergonic
redox reactions on the chimney surface, such as
methane and sulphide oxidation. Similarly, anaero-
bic methane oxidizers may outcompete sulphide and
hydrogen oxidizers at high temperatures in SMVF.
Given the high energy availability from ammonium
oxidation at LCVF, elevated abundances of ammo-
nium oxidizers can be expected to be present in the
hydrothermal plume forming in the water column
above this vent field. Interestingly, elevated ammo-
nium concentrations and ammonium oxidation rates
have been observed in other hydrothermal plumes
(Lam et al., 2008)
Members of MCG have been detected in a variety
of habitats including hot springs, marine sediments
and mud volcanoes (Barns et al., 1996; Parkes et al.,
2005; Heijs et al., 2007; Kubo et al., 2012). Typically,
ANME have been detected in marine methane seeps
or hydrothermal sediments, but have also been
inferred to be present in low-temperature exterior
parts of flange samples from the Lost City hydro-
thermal field (Brazelton et al., 2006). Yet, to our
knowledge, this is the first report of the presence of
ANME and MCG in flange interiors. Recently,
members of ANME were detected in thermophilic
enrichments using hydrothermally influenced sedi-
ments as inoculum (Holler et al., 2011), whereas
putatively thermophilic ANME were detected in
diffuse hydrothermal vent fluids (Merkel et al.,
2013). No direct evidence for the existence of
thermophilic MCG have so far been obtained. Based
on three observations, we infer that ANME and MCG
in the SMVF flange are thermophiles: (i) owing to
the high porosity of the lower part of the flange
where the samples were taken, it seems unlikely that
the in situ temperature at the sampling sites were
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much different than the in situ temperature
measured directly under the flange (470 1C).
(ii) Dominating OTUs within MCG and ANME-1
are close relatives of organisms detected in hydro-
thermal or thermophilic enrichments. (iii) MCG and
ANME co-occurred with members of thermophilic
groups such as Aquificacea, Thermodesulfobacteria,
Archaeoglobi and the Terrestrial Hot Spring Group
(Figure 5; Supplementary Figure 1).
Concluding remarks
Although we analysed a limited number of samples
and the energy metabolism of some of the detected
microbial groups was not always clear, the high
degree of consistency between community compo-
sitions assessed by 16S rRNA gene sequences and
predicted community compositions indicates that
energy availability to a large extent shape microbial
communities in hydrothermal systems. Our study
demonstrates how the combination of modelled
and observed communities provides a framework
for the generation of hypothesis about abiotic
geochemical processes as well as the overall
distribution of functional groups of microbial
primary producers. Future investigations, including
rate measurements and modern omics technology,
seem to be a promising path to further elucidate
the importance of energy availability in these
environments and how different functional
groups are energetically connected. It should be
realized that hydrothermal systems are excellent
natural laboratories for investigations of general
ecological principles regarding relationships
between energy availability and the distribution
of functional groups of organisms in biological
communities.
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